Background: Cystic fibrosis (CF) is associated with at least 1 point pathogen sequence variant on each CFTR allele. Some symptomatic patients, however, have only 1 detectable pathogen sequence variant on the other allele but carry a large deletion that is not detected by conventional screening methods. Methods: For relative quantitative real-time PCR detection of large deletions in the CFTR gene, we designed DNA-specific primers for each exon of the gene and primers for a reference gene (␤ 2 -microglobulin). For PCR we used a LightCycler system (Roche) and calculated the gene-dosage ratio of CFTR to ␤ 2 -microglobulin. We tested the method by screening all 27 exons in 3 healthy individuals and 2 patients with only 1 pathogen sequence variant. We then performed specific deletion screenings in 10 CF patients with known large deletions and a blinded analysis in which we screened 24 individuals for large deletions by testing 8 of 27 exons. Results: None of the ratios for control samples were false positive (for deletions or duplications); moreover, for all samples from patients with known large deletions, the calculated ratios for deleted exons were close to 0.5. In addition, the results from the blinded analysis demonstrated that our method can also be used for the screening of single individuals. Conclusions: The LightCycler assay allows reliable and rapid screening for large deletions in the CFTR and detects the copy number of all 27 exons.
1 the most common life-shortening autosomal recessive disorder in Caucasians, has an estimated incidence of 1 in 1600 to 1 in 2000 newborns and a carrier frequency of ϳ1 in 20 to ϳ1 in 22. CF is primarily caused by pathogen sequence variants in the CF transmembrane conductance regulator (CFTR) 2 gene, which encodes a protein produced in the apical membrane of exocrine epithelial cells. In addition to the most common variation, ⌬F508, more than 1400 different pathogen sequence variants (http://www.genet.sickkids.on.ca/cftr) have been reported to the Cystic Fibrosis Genetic Analysis Consortium. Symptomatic CF is associated with at least 1 pathogen sequence variant (mainly point variants) on each CFTR allele. However, a nonnegligible portion of patients with typical or CF-like symptoms have only 1 detectable variation. The 2nd pathogen sequence variant is attributable to several possible genetic mechanisms, for example, large deletions (spanning multiple or single exons), unknown splice variants, combinations of multiple sequence variants, modifier genes, and epigenetic factors.
In patients with CF, the frequency of large deletions in the CFTR gene is estimated to be 1%-3% (1 ) . In welldefined study cohorts [e.g., patients with 1 unidentified CFTR allele and typical CF clinical findings (e.g., pancreas insufficiency, lung disease, and pathologic sweat test results)], the reported detection rates of large deletions are 15%-25% (1) (2) (3) (4) , but the actual rates may be even higher (5 ) . Data obtained from a large study (6 ) that determined the frequencies of the CFTRdele2,3 (21 kb), which is by far the most frequent large deletion in the CFTR gene, re-vealed that the aforementioned frequency is underestimated, especially in CF patients from Eastern Europe. The number of studies in this field has been increasing since the first systematic examination of rearrangements in the CFTR gene (2 ) . In the past, large deletions of the CFTR gene were identified by coincidence, either by noting a uniparental inheritance pattern (7 ) or through failure of PCR amplification (8 ) . It is conceivable that the screening for large deletions will be integrated into CF total screening, especially in patients with only 1 known pathogen sequence variant who have CF-like symptoms.
The number of studies dealing with the detection of deletions and duplications by real-time PCR is increasing (9 ) . Some of the most frequently analyzed genes are described in Refs. (10 -15 ) . These studies show that realtime PCR is a reliable and efficient way to detect large deletions and duplications.
In addition to real-time PCR, several other techniques are used to detect large deletions and duplications in genes. Multiplex ligation-dependent probe amplification (MLPA), first described by Schouten et al. (16 ) , is a widely used method. The CFTR MLPA reagent set (MRC Holland) allows the detection of the copy number of all 27 exons in a single reaction.
We aimed at developing a reliable and simple real-time PCR assay for detection of all known types of large deletions in the CFTR gene and assess advantages and disadvantages of deletion-detection methods on the basis of relative quantitative real-time PCR and MLPA.
Material and Methods patient and control samples
An overview of the samples from CF patients and healthy control individuals is presented in Table 1 .
Deletion screening of the entire CFTR gene in patient and control samples. We used DNA samples from 3 healthy control individuals and from 2 CF patients with only 1 known variation, 1 with a W1282X and 1 with a 5T sequence variant in intron 8. Both patients carried multiple homozygous sequence variants and therefore were also likely to carry large heterozygous deletions in the CFTR gene.
Deletion screening in CF patients with known large deletions.
For this screening we used 9 DNA samples obtained by 2 French research groups from CF patients with known large deletions and 8 DNA samples obtained from CF patients in our group with newly identified large deletions. Controls. Control DNA (calibrator) samples from individuals in whom no pathogen CFTR sequence variants were identified by our variation screening were included in every experiment. One control was used for comprehensive deletion screening and for confirmation experiments, and another was used only for the blinded analysis. All study participants gave their full informed consent for research use of their blood samples. This study was approved by a local ethics commission.
dna extraction
All DNA specimens were obtained by DNA extraction from peripheral blood cells. For the participants from our laboratory the DNA extraction was performed with the QIAamp DNA Blood Maxi Kit (Qiagen) according to the supplier's protocol. We measured the concentration of once-diluted DNA samples by spectrophotometry (Eppendorf BioPhotometer; absorbance at 260 nm) and then diluted each sample to the desired final concentration [5 mg/L for patients and controls (calibrator) and 10 mg/L for the control samples used for calibration curve dilutions].
primer design
By use of the OLIGA 6.0 software, we designed primer pairs for each exon of the CFTR gene and 2 fragments of the reference gene (␤ 2 -microglobulin, exon/intron 2). Amplification products were all DNA-specific, included at least 1 primer (forward or reverse) that laid in an intron or covered an intron/exon boundary and met the following criteria: amplification product at ϳ250 bp, melting temperature ϳ60°C, and no stable dimer formation (in particular, no 3Ј-terminal dimer formation) (see Table 1 Table 2 in the online Data Supplement).
To verify the specificity of the amplifications, we loaded all PCR products on 2% agarose gels and sequenced them with an ABI 3100 (Applied BioSystems) sequencing system.
We used LightCycler data analysis software (version 3.5) for data evaluation. Ratios of potentially deleted to nondeleted exons were calculated with 2 different methods on the basis of the same mathematical model.
Calculation by the relative calibration curve method. We generated calibration curves for both the test exon and the exon of the reference gene. The slope and y intercept of the generated calibration curve allowed the calculation (Eq. 1) of the concentration and the total amount of DNA, respectively, for the sample and the calibrator (control). This calculation is done automatically by the LightCycler data analysis software. To achieve best reproducibility, we used the 2 nd derivative method for the calculation of the concentrations.
The concentrations (the total amounts of DNA) were taken directly from the quantification screen of the LightCycler data analysis software and inserted into Eq. 1: Pfaffl (17 ) and Livak and Schmittgen (18 ) Calculation by the comparative C T (⌬⌬C T ) method. The use of this method does not require calibration curve data. The ⌬⌬C T method is a simplification of the relative calibration curve method insofar as the efficiencies for the reference and target genes are assumed to be 2 (18 ) .
We performed all experiments except for the blinded analysis by applying the relative calibration curve method. We used both the relative calibration curve method and the ⌬⌬C T method to calculate the ratios of potentially deleted exons, but for clarity, we chose only the results from the
screening strategies
In single individuals, screenings for large deletions (see Fig. 1 in the online Data Supplement) can be accomplished by 2 different screening strategies. Both screening strategies can be easily adapted to newly identified large deletions by increasing the number of tested exons. We tested the applicability of these screening strategies by performing a blinded analysis in which 24 individuals were screened for large deletions according to screening strategy 1.
Screening strategy
Finally, we compared the ratios obtained by the relative calibration curve method with those obtained by the ⌬⌬C T method.
Results and Discussion
The results of the comprehensive deletion screening and deletion confirmation experiments are shown in Figs. 1  and 2 , respectively (also see Fig. 2 in the online Data Supplement).
For the blinded analysis, we detected large deletions in 5 of the 24 samples, 4 samples from positive controls and 1 from a CF patient with only 1 identified pathogen sequence variant (Table 2 ). To confirm our findings, we used MLPA to simultaneously screen all 24 samples for large deletions. Calculated ratios from all experiments except the blinded analysis are summarized in Fig. 3 . In summary, none of the results for the control samples were false-positive (deletions or duplications) ratios; moreover, calculated ratios of all samples from patients with known large deletions were accurate and confirmed the previous findings. Our comparison of the calculated ratios obtained by the relative calibration curve method with those obtained by the ⌬⌬C T method showed no significant differences between the 2 calculation methods (Fig. 4) .
Our results show that this assay allows reliable detection of large heterozygous deletions within the CFTR Fig. 1 . Screening of all 27 exons of the CFTR gene in 3 control persons and 2 CF patients without deletions.
The short line within the box represents the median of the ratio. The bottom and top edges represent the 25th and 75th percentiles; ϩ indicates minimum and maximum values of the ratios. The mean ratio of all exons is 1.0014, with an SD of 0.055. Exon 17b has the highest mean ratio (1.066), and exon 4 has the lowest (0.960).
gene. Compared with existing methods of deletion screening of the complete coding sequence of the CFTR gene on the basis of semiquantitative fluorescent multiplex PCR assays [quantitative multiplex-PCR of short fluorescent fragments (2 ), quantitative fluorescent multiplex-PCR (3 )
, and semiquantitative fluorescent-PCR (5 ), our assay enables quantitative detection of the copy number from all 27 exons. The principles of these methods are described in detail elsewhere (19 -22 ) . The 3 studies of existing methods of deletion screening (2, 3, 5 ) did not present detailed statistical data of the calculated ratios (DQs), so a comparison of the differences in performance is limited. Our results for complete screening of 5 individuals (Fig. 1) and the blinded analysis (Table 2 ) demonstrate the accurate detection capability of our quantitative real-time PCR assay: mean ratios were 0.96 -1.07 for the 5 samples from 5 healthy individuals and 0.95-1.02 for the 24 individual samples used in the blinded analysis. SDs varied from 0.02 to 0.09 and from 0.04 to 0.09, respectively (Table 2) . Thus, the risk of false positive ratios is lower with our method than the method of Hantash et al. (5 ) , decreasing the identification of erroneous deletions or duplications. This risk is not that relevant for duplications, however, because they are extremely rare. The lower performance of the semiquantitative fluorescent-PCR assay can be easily explained. The PCR efficiencies for each fragment are different and decrease with increasing length of the PCR product, and single-tube multiplex PCR leads to additional variation (primer concurrence) in PCR efficiencies. In MPLA, this problem has been solved by use of a universal primer for the amplification of all fragments. Another disadvantage of semiquantitative multiplex-PCR assays is that the amplification of the PCR products must be stopped at the exponential and not at the plateau phase. Because of the different PCR efficiency of each fragment, it is possible that some fragments are still in the exponential phase at the same time that other fragments have already reached the plateau phase. Both research groups overcame this problem by choosing a rather low cycle number.
In our study (Table 2) 
real-time pcr as an alternative screening method to mlpa
Both real-time PCR and MLPA detection methods are reliable and have considerable advantages, as well as some disadvantages (also see Table 3 in the online Data Supplement). The decision whether to use real-time PCR or MLPA depends primarily on the number of patients to be screened. With a duration of ϳ50 min per run, our assay allows the screening of ϳ6 -8 persons per day (on Fig. 2 . Confirmation of the CFTRdele2-10 by our assay.
The ratio of deleted exons (2-10) is 0.45-0.53. The SD of the ratios for the deleted exons is 0.02. For this deletion type, we also calculated the ratios for the adjacent exons 1 and 11. The ratios for the nondeleted exons are, as expected, close to 1. Ex, exon.
Clinical Chemistry
one 32-well LightCycler instrument). With MLPA, a maximum of 96 persons can be tested in 3 days. Therefore, the MLPA technique is useful for large CF centers and research laboratories where 10 to 100 patient samples per day are tested. For clinical laboratories where at most 6 -8 patient samples are screened per day, our method may be preferable to MPLA. In addition, there are 3 situations for which relative quantification by real-time PCR is the method of choice:
1. Screening of individual patients.In the context of extensive CF testing in single patients in whom no 2nd pathogen sequence variant was found, our assay allows rapid and reliable identification of potential large deletions. In MLPA, the results of ratio calculations become more imprecise with lower sample numbers, so MLPA is not an appropriate technique for the screening of single patients. From our experience, we conclude that accurate MLPA results are best obtained for no fewer than 8 -10 samples, including at least 1 control. Box, 25th to 75th percentiles; error bars, 10th to 90th percentiles; circles, outliers. Ratios of wild-type and 1-allele-deletion carriers did not overlap. Results from the blinded analysis are not included.
Carrier identification.
Relative quantitative real-time PCR permits specific testing of single exons in patients in whom a particular large deletion type is examined. Carrier identification can be accomplished much faster by real-time PCR than by MLPA. An example of carrier identification is given in Fig. 3 in the online Data Supplement. 3. Confirming deletions previously detected by MLPA.In genetic diagnostics, quality assurance has become very important; therefore, providing an independent 2 nd method to perform a specific assay in which only the deleted exons are tested is desirable. Confirmation can be rapidly accomplished with our assay (see Fig. 4 in the online Data Supplement).
influence of nonspecific products on the ⌬C T value and calculated ratios
With the use of intercalating dyes such as SYBR green, fluorescence signals could be caused by nonspecific double-stranded products (e.g., primer dimers) and lead to inaccurate C T values. We were confronted with this problem in our study. Analyzing the melting curves from PCR products of exon 4, 5, 6a, 11, and 18, we observed the presence of nonspecific products in the form of an additional peak or a hump preceding the main peak. The proportion of the fluorescence signal was for all unspecific products lower than 1/5th of the specific product. Moreover, primer dimers, as well as unspecific amplification products, could be excluded. In a final step, we used sequencing (ABI 3100, Applied BioSystems) to confirm the specificity of each PCR product. Thus, we considered the additional peaks found in the melting curves of the aforementioned amplification products to be of no importance, all the more so because the calculated ratios for these exons did not differ from those of the other exons.
use of pcr agents Comparing the TaKaRa and the LightCycler FastStart DNA Master SYBR Green I premixes, we made 2 important observations. First, the efficiencies with both premixes are high (E Ն 0.9) and almost identical. Second, the TaKaRa premix is much more susceptible to alteration by thaw-freeze cycles but less expensive than the premix from Roche.
relative calibration curve method vs ⌬⌬C T method Generation of new calibration curves for each experiment is a time-consuming procedure that can be overcome by importing calibration curve data with the LightCycler software. The ⌬⌬C T method has been shown to be a reliable and cost-effective alternative to the relative calibration curve method (15, 23 ) . Because the differences between the 2 calculation methods were negligible for our assay (Fig. 4) , the relative calibration curve method can be replaced by the cheaper and faster ⌬⌬C T method without loss accuracy, as clearly confirmed by our blinded analysis.
In conclusion, our assay is a rapid and reliable screening method for (a) detection of large deletions, especially in cases in which specific testing is demanded, such as carrier identification, and screening of individual patients, especially in prenatal diagnosis, and (b) confirmation of large deletions previously identified by MLPA.
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